ing vascular endothelial growth factor A, platelet-derived growth factor, fibroblast growth factor and matrix metalloproteinase 2 in fibroblasts in contact with BOEC when compared to fibroblasts alone. In addition, migration is significantly reduced while proliferation remains unchanged. Conclusion: This study helps provide rationale for using BOEC delivered to the adventitia of the outflow vein of hemodialysis vascular access to reduce VNH.
fore, novel therapies that could be developed to reduce AVF stenosis would be of tremendous benefit to patients with end-stage renal disease.
Patients with end-stage renal disease have an imbalance between endothelial and smooth-muscle progenitor cells; it has been hypothesized that this results in the increased incidence of cardiovascular complications accompanied by poor clinical outcomes [3, 4] . Blood outgrowth endothelial cells (BOEC) are a subset of circulating progenitor cells that possess an endothelial-cell phenotype and have the ability to reduce vascular injury [5] . A recent study from our laboratory demonstrated that BOEC transplanted to the adventitia of the outflow vein at the time of the creation of arteriovenous polytetrafluoroethylene grafts have reduced venous stenosis formation along with a decrease in hypoxia-inducible factor 1 alpha (HIF-1α) mean intima-to-media ratio when compared to controls [6] . Our other recent studies demonstrate that the hypoxia-mediated conversion of fibroblasts to myofibroblasts may play a role in venous neointimal hyperplasia (VNH) and a reduced mean HIF-1α level [7] .
We demonstrated that inhibiting vascular endothelial growth factor A (VEGF-A), using a short-hairpin RNA inhibitor delivered to the adventitia of the outflow vein in a murine model of chronic kidney disease with an AVF, results in positive vascular remodeling [8] . In this study, we hypothesized that the vasa vasorum of the outflow vein of the AVF may become disrupted after surgical placement, which contributes to local hypoxia within the adventitia. Moreover, the localized hypoxia activates fibroblasts that convert into myofibroblasts, and subsequently triggers a cascade of events resulting in VNH. Finally, reducing mRNA for VEGF-A in fibroblasts which are subjected to hypoxia results in a reduction of alpha smooth-muscle cell actin (α-SMA)-positive cells with a resultant decrease in matrix metalloproteinase 2 (MMP-2), cellular proliferation and migration.
We hypothesized that BOEC may reduce the differentiation of fibroblasts into myofibroblasts under hypoxic conditions. The experiments outlined here were performed to determine the mechanism using a contact and transwell experimental design. We observed that a reduction in the conversion of fibroblasts into myofibroblasts occurs; this is accompanied by a reduction in several proangiogenic genes including VEGF-A, fibroblast growth factor-1 (FGF-1), platelet-derived growth factor (PDGF) and MMP-2. Each of these cytokines has been found to be associated with experimental animal models of hemodialysis vascular access failure or hemodialysis vascular access specimens removed from patients [9] [10] [11] [12] [13] [14] . We speculate that adventitial delivery of BOEC to the AVF or graft at the time of creation could reduce VNH, thus offering a novel therapeutic option.
Materials and Methods
Isolation of BOEC Porcine BOEC were isolated according to the protocol used by our laboratory and described previously [6] . Briefly, under aseptic conditions, we removed 100 ml of blood from the femoral artery and expanded it ex vivo as previously described, with some modifications [15] . Peripheral blood mononuclear cells were isolated using density gradient centrifugation with Ficoll-Paque Plus (Amersham Biosciences Corp., Piscataway, N.J., USA). The cell culture was maintained at 37 ° C, 5% CO 2 and 20% O 2 . After 2 days, the media was changed and the nonadherent cells were removed. After satisfactory initial growth, the media was subsequently changed every 2-3 days. Typically, colonies of cells appeared that exhibited typical endothelial morphology including a cobblestone pattern; this occurred between day 15 and day 18. These colonies were passaged and expanded for an additional 2 weeks and the adherent cells were harvested by trypsinization. The late-outgrowth BOEC were characterized by means of a number of methods including staining and morphology as described previously [6] . All BOEC used in the experiments were from early passages with a maximal passage of 5.
Isolation of Fibroblasts
Primary fibroblasts were isolated from the jugular vein of pigs as described elsewhere [16] .
Transwell Culture and Contact Experiments with BOEC and Fibroblasts
Fibroblasts and BOEC were isolated from pigs as described above and used for both transwell and contact experiments. For both experiments, 400,000 BOEC and 100,000 fibroblasts were used. The transwell experiments were performed with BOEC only in the upper chamber and fibroblasts only in the lower chamber. Contact experiments were performed with BOEC in contact with fibroblasts or BOEC and fibroblasts alone. Transwell experiments allow for the passage of secreted molecules and do not allow contact to occur. The cells were made hypoxic as described previously, using a hypoxia chamber at 1% O 2 [7, 8, 17] . BOEC were cultured in endothelial basal medium without growth factors (Lonza Cologne GmbH, Walkersville, Md., USA) and fibroblasts were cultured with DMEM (5% FBS, low-glucose; Invitrogen). In addition, we performed separate experiments using human umbilical-vein endothelial cells (HUVEC; 400,000) alone or in contact with pig fibroblasts (100,000) as outlined above. For the contact experiments, at each time point, the cells were washed with PBS and trypsinized. The cell suspension was incubated with pig CD31 (Abcam, Cambridge, Mass., USA) in PBS with 1% BSA for 30 min at 4 ° C. The cell suspension was incubated with an anti-mouse magnetic antibody (Milteyni Biotech, San Diego, Calif., USA) in PBS with 1% BSA. The CD31-positive cell population and the BOEC were isolated using magnetic cell sorting and the flow-through fibroblast population was collected for further analysis.
Western Blot of α-SMA
We assessed the differentiation of fibroblasts into myofibroblasts by performing Western blot analysis for α-SMA. The cultured cells were processed and detected using rabbit polyclonal antibody as described previously [11] .
Protein Expression Using Proteomic Array
We assessed the potential mechanism of the proteins responsible for decreasing α-SMA expression in the fibroblasts that were in contact with BOEC compared to fibroblasts alone under hypoxia. We used a human angiogenic proteomic array (category No. ARY007; R&D Biosystems Inc., Minneapolis, Minn., USA) for both the cellular and conditioned media, according to the manufacturer's directions.
RNA Isolation
The tissue was stored in RNA stabilizing reagent (Qiagen, Gaithersburg, Md., USA) as per the manufacturer's guidelines. To isolate the RNA, the specimens were homogenized and the total RNA was isolated using an RNeasy mini kit (Qiagen) [10, 18] .
Real-Time Polymerase Chain Reaction Analysis
Expression for the gene of interest was determined using realtime polymerase chain reaction (RT-PCR) analysis as described previously [18] (table 1) . Please see supplemental methods for full details.
Thymidine Incorporation Assay BOEC only, fibroblasts only and fibroblasts in contact with BOEC were seeded in 24-well plates and cultured for 24-72 h in DMEM. After 20 h, 1 ci/mmol of 3 H-thymidine was added to each well and incubated for 4 h. The cells were washed with chilled PBS, fixed with 100% cold methanol and then collected for the measurement of trichloroacetic acid-precipitable radioactivity. Experiments were repeated at least 3 times for each time point.
Gelatin Zymography
Zymography was performed on concentrated conditioned media from the cultured cells of their respective time point as described previously [7] .
Cell Migration Assay
The fibroblasts were loaded with calcein M dye with 0.1% pluronic acid in order to observe the differential migration of fibroblasts. The BOEC (approx. 400,000) and pig-vein calcein M-loaded fibroblasts (approx. 100,000) were mixed together in serum-free medium and loaded into the upper chamber of FluoroBlok 8-μm-pore transwells (Qiagen), precoated with low growth factor matrigel. The complete media were supplemented under the transwell and incubated for 6 h at 37 ° C. After 6 h, the transwells were washed with PBS and the number of cells was analyzed in relative fluorescence units using a microplate reader.
Statistical Methods
Data are expressed as mean ± SEM. Multiple comparisons were performed with 2-way ANOVA followed by the Student t test with the post hoc Bonferroni correction. A significant difference from the control value was indicated by p < 0.05, p < 0.01, p < 0.001 or p < 0.0001. JMP version 9 (SAS Institute Inc., Cary, N.C., USA) was used for statistical analyses.
Results

Expression of α-SMA Is Reduced in Fibroblasts in Contact with BOEC Compared to in Fibroblasts Alone under Hypoxic Conditions
We wanted to determine the mechanism by which BOEC reduce the conversion of fibroblasts into myofibroblasts (i.e. α-SMA-positive cells) under hypoxic conditions. This was determined by performing transwell and contact experiments to determine the changes in α-SMA using Western blot analysis and confocal microscopy ( fig. 1 ) . The experiments were performed in order to determine if the mechanism by which BOEC decreased the conversion of fibroblasts into myofibroblasts was via a para- fig. 1 a] . However, in the transwell experiments, there was no change in the mean α-SMA expression in the fibroblasts in contact with BOEC when compared to the fibroblasts alone. Normally, fibroblasts are α-SMA-negative whereas BOEC are von Willebrand factor-positive ( fig. 1 b) . Using confocal microscopy, we observed a time-dependent hypoxia-induced decrease in the average α-SMA expression in fibroblasts in contact with BOEC compared to in fibroblasts alone ( fig. 1 c) . We also stained fibroblasts in contact with BOEC and fibroblasts alone for α-SMA and phylloidin under hypoxic conditions, and demonstrated a reduction in α-SMA/phylloidin-positive expression in the fibroblasts in contact with BOEC compared to fibroblasts alone (online suppl. fig. 1 ; for all online suppl. material, see www. karger.com/doi/10.1159/000369929). We then determined if other endothelial cells such as HUVEC would have the same effect. Similarly, HUVEC were in contact with pig fibroblasts and determined the α-SMA expression in com- parison to fibroblasts alone under hypoxic conditions. There was no difference in the α-SMA expression in pig fibroblasts in contact with HUVEC when compared to fibroblasts alone under both the transwell and contact conditions ( fig. 1 d) . In order to determine if the effect was perpetuated by viable BOEC, we irradiated BOEC, cultured them in contact with fibroblasts and then compared them to nonirradiated BOEC in contact with fibroblasts, fibroblasts only and BOEC only. They were subjected to 48 and 72 h of hypoxic conditions. We observed a decrease in the average α-SMA expression under hypoxic conditions in fibroblasts in contact with nonirradiated BOEC compared to fibroblasts in contact with irradiated BOEC ( fig. 1 e) .
The Cell Size of Fibroblasts in Contact with BOEC Is Reduced Compared to Fibroblasts Alone
The size of the fibroblasts in contact with BOEC was determined compared to fibroblasts only at different time points under hypoxic conditions. This demonstrated a significant decrease in the average size of the fibroblast in contact with BOEC compared to fibroblasts only [at 24 h: an average reduction of 28%, fibroblast alone vs. fibroblast in contact with BOEC, respectively (p < 0.0001); at 48 h: an average reduction of 91%, fibroblast alone vs. fibroblast in contact with BOEC, respectively (p < 0.0001); at 72 h: an average reduction of 93% (p < 0.0001); fig. 1 f] . 
Identification of the Potential Mechanism Using a Proteomic Array
In order to determine the mechanism that may be responsible for the decreased expression of α-SMA, an angiogenic protein array was used along with Ingenuity System software for pathway analysis. This demonstrated that there was a decrease in several proteins including VEGF-A, FGF-1, PDGF, MMP-2 and tissue inhibitor of matrix metalloproteinase 1 (TIMP-1).
Gene Expression of VEGF-A, PDGF, FGF-1, MMP-2 and TIMP-1 Is Reduced in Fibroblasts in Contact with BOEC Compared to Fibroblasts Alone under Hypoxic Conditions
Next, we determined the gene expression of VEGF-A, PDGF, FGF-1, MMP-2 and TIMP-1 in fibroblasts in contact with BOEC when compared to fibroblasts alone under hypoxic conditions using RT-PCR analysis ( fig. 2 ) . All of these genes have been implicated in VNH formation associated with hemodialysis vascular access failure. We observed that in fibroblasts in contact with BOEC when compared to fibroblasts alone, there was a significant decrease in the mean VEGF-A expression at 24 h (an average reduction of 61%, p < 0.0001) and 72 h (an average reduction of 72%, p < 0.0001). In addition, we observed a significant decrease in the average gene expression of PDGF, FGF-1, MMP-2 and TIMP-1 in fibroblasts in contact with BOEC when compared to fibroblasts alone at 24 h [PDGF: an average reduction of 95% (p < 0.0001), FGF-1: an average reduction of 93% (p < 0.0001), MMP-2: an average reduction of 95% (p < 0.0001) and TIMP-1: an average reduction of 34% (p < 0.01)] and 72 h [PDGF: an average reduction of 98% (p < 0.0001), FGF-1: an average reduction of 87% (p < 0.0001), MMP-2: an average reduction of 90% (p < 0.0001) and TIMP-1: an average reduction of 21% (p < 0.001)].
Migration Is Decreased in Fibroblasts in Contact with BOEC Compared to Fibroblasts under Hypoxic Conditions
Since several of the genes implicated in cellular migration were reduced by RT-PCR analysis, we hypothesized that there would be a decrease in cellular migration in fibroblasts in contact with BOEC when compared to fibroblasts alone. We observed a significant decrease in the migration of fibroblasts in contact with BOEC when compared to fibroblasts alone at both 6 h and 24 h of hypoxia [at 6 h: an average reduction of 28%, fibroblasts alone vs. fibroblasts in contact with BOEC, respectively (p < 0.0001); at 24 h: an average reduction of 91%, fibroblasts alone vs. fibroblasts in contact with BOEC, respectively (p < 0.0001; fig. 3 ) ].
Proliferation Is Not Decreased in Fibroblasts in Contact with BOEC Compared to Fibroblasts under Hypoxic Conditions
Finally, we determined cellular proliferation changes in fibroblasts in contact with BOEC when compared to fibroblasts alone. We observed a significant increase in proliferation under hypoxia of fibroblasts in contact with BOEC when compared to fibroblasts alone at 24 to 72 h of hypoxia (p < 0.0001; fig. 4 ). 
MMP-9 Activity Is Increased in Fibroblasts in Contact with BOEC Compared to Fibroblasts Alone under Hypoxic Conditions
In our experiments with adventitial transplantation of BOEC to AV hemodialysis grafts, a significant increase in MMP-9 activity by zymography was observed and MMP-9 has been shown to cause an increase in cellular proliferation. We determined the MMP-9 expression using zymography in fibroblasts in contact with BOEC and compared to fibroblast alone. We observed an increase in both pro-MMP-9 and active MMP-9 in fibroblasts in contact with BOEC when compared to fibroblast alone ( fig. 5 ). In addition, no significant change in MMP-2 was observed for the same experiments (see online suppl. fig. 2 ). These results suggest that the increase in MMP-9 activity may be responsible for the increase in proliferation.
Discussion
In this study, we determined the mechanism via which BOEC may decrease the conversion of fibroblasts to myofibroblasts mediated under hypoxic conditions. Previously, we described that BOEC transplantation to the adventitia of the outflow vein of porcine arteriovenous hemodialysis grafts results in a reduction of VNH via a reduction in HIF-1α expression [6] . We wanted to determine how BOEC reduce VNH, and we hypothesized that they influence the conversion of fibroblasts to myofibroblasts via either a paracrine or autocrine mechanism. Here, we demonstrate that contact needs to occur between the BOEC and the fibroblasts. Under hypoxic conditions, when fibroblasts are in contact with BOEC, there is a significant reduction in the migration and size of cells, and in the mean α-SMA expression. In addition, we observed a significant decrease in the expression of several genes including VEGF-A, PDGF, FGF-1, MMP-2 and TIMP-1 ( fig. 6 ). These findings have many implications for hemodialysis vascular failure as all of these cytokines and TIMP-1 have been increased in experimental animal models of hemodialysis vascular access failure and specimens removed from patients [9] [10] [11] [12] .
Previous research has shown that hypoxia can cause an increase in the conversion of fibroblasts to myofibroblasts [7] . Our laboratory has shown that there is an increase in HIF-1α level in specimens removed from experimental animal models and clinical specimens removed from patients with failed hemodialysis vascular access [12, 19] . Furthermore, adventitial fibroblasts have been shown to contribute to smooth-muscle cells comprising VNH associated with hemodialysis graft failure [13, 20, 21] . We hypothesize that disruption of the vasa vasorum at the time of vascular access placement can cause an increase in local vessel hypoxia that leads to the activation of adventitial fibroblasts that convert to myo- fibroblasts. Furthermore, in our laboratory, we demonstrated that adventitial transplantation of BOEC to the outflow vein causes a decrease in HIF-1α in the transplanted BOEC vessels when compared to controls [6] . We assessed the mechanism by which BOEC might influence the conversion of fibroblasts into myofibroblasts by means of a contact experiment between the BOEC and fibroblasts and a transwell experiment. In the transwell experiment, we observed that there was no reduction in the conversion of fibroblasts to myofibroblasts when cultured with BOEC compared to fibroblasts under hypoxic conditions. However, when fibroblasts were in contact with BOEC and then separated using magnetic beads, there was a significant reduction in α-SMA expression in these fibroblasts compared to fibroblasts alone. This experiment implies that such contact is necessary for the reduction in α-SMA to occur. Furthermore, we demonstrated that the results would not be the same if the fibroblasts were in contact with HUVEC or irradiated BOEC. These observations are consistent with experimental animal models of wound-healing [22] , where it was found that the BOEC needed to be in contact with the fibroblasts in order for the beneficial effects to occur.
To determine the potential mechanism responsible for these observations, we performed a protein array that identified several proteins that were decreased including VEGF-A, PDGF, FGF-1 and MMP-2. Interestingly, each of these has been found to be elevated and to be associated with VNH [9-13, 23, 24] . We determined the messenger RNA levels for each of these genes using RT-PCR, and found them to all be reduced in fibroblasts in contact with BOEC compared to fibroblasts alone. These results are consistent with other experiments which have demonstrated that BOEC under hypoxic conditions will secrete proangiogenic genes that have a paracrine effect. This study demonstrates, with an in vitro model, that there is a decrease in proangiogenic gene expression in other cells, notably fibroblasts, which is mediated through contact [25] . This decrease in proangiogenic genes is most likely responsible for the decrease in α-SMA expression. We have recently shown that silencing VEGF-A in fibroblasts and then subjecting them to hypoxia decreased α-SMA expression compared to in controls [8] . This result is consistent with other studies using experimental models of skin healing [22] .
Finally, we examined the proliferation and migration of fibroblasts in contact with BOEC We observed that migration was significantly reduced in fibroblasts in contact with BOEC when compared to fibroblasts alone. This result is consistent with observations where VEGF-A reduction has been shown to result in a decrease in proliferation [8] . However, proliferation was increased, which most likely reflects the increase in MMP-9 activity that we observed. These results are consistent with our in vivo experiments, where we observed increased MMP-9 activity in BOEC transplanted vessels compared to controls [26] .
There are several limitations to this study. The results of our research need to be validated in a human cell-line model with BOEC from both healthy subjects and patients with chronic kidney disease. This would reveal the benefits of BOEC as a cell therapy in patients. In addition, the in vitro experiments do not simulate the in vivo experiments and these need to be conducted with the cells using a xenotransplant model. Finally, the durability of the observations needs to be determined in chronic animal models.
In summary, our results indicate that BOEC when in contact with fibroblasts reduce the conversion of fibroblasts to myofibroblasts, mediated in part through a reduction of several proangiogenic genes including VEGF-A, PDGF, FGF-1 and MMP-2 with a reduction in migration. This has implications for hemodialysis vascular access failure, because it is hypothesized that VNH is caused by many of the cytokines that were found to be reduced. 
